ABSTRACT: A surface metal−organic complex, (-AlO x )Pd(acac) (acac = acetylacetonate), is prepared by chemically grafting the precursor Pd(acac) 2 onto γ-Al 2 O 3 in toluene at 25°C. The resulting surface complex is characterized by inductively coupled plasma atomic emission spectroscopy (ICP-AES), X-ray photoelectron spectroscopy (XPS), X-ray absorption spectroscopy (XAS), and dynamic nuclear polarization surface-enhanced solid-state nuclear magnetic resonance spectroscopy (DNP SENS). This surface complex is a precursor in the direct synthesis of size-controlled Pd nanoparticles under mild reductive conditions and in the absence of additional stabilizers or pretreatments. Indeed, upon exposure to gaseous ethylene or liquid 1-octene at 25°C, the Pd 2+ species is reduced to form Pd 0 nanoparticles with a mean diameter of 4.3 ± 0.6 nm, as determined by scanning transmission electron microscopy (STEM). These nanoparticles are catalytically relevant using the aerobic 1-phenylethanol oxidation as a probe reaction, with rates comparable to a conventional Pd/Al 2 O 3 catalyst but without an induction period. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and temperature-programmed reaction mass spectrometry (TPR-MS) reveal that the surface complex reduction with ethylene coproduces H 2 , acetylene, and 1,3-butadiene. This process reasonably proceeds via an olefin activation/ coordination/insertion pathway, followed by β-hydride elimination to generate free Pd 0 . The well-defined nature of the singlesite supported Pd 2+ precursor provides direct mechanistic insights into this unusual and likely general reductive process.
■ INTRODUCTION
Supported metal nanoparticles are an important class of heterogeneous catalysts 1,2 because they exhibit enhanced activity 3−5 and selectivity 6−8 compared to that of bulk metals. Nanoparticle size, particularly in the <6 nm regime, 9 markedly influences the catalytic properties of metal active sites as a consequence of both electronic and structural effects. 10, 11 In such nanoparticles, undercoordinated edge and corner metal sites typically initiate catalytic transformations, 12 and metal− support interactions affect both the thermodynamic stability of nanoparticle size 13 and the strength of nanoparticle-adsorbate interactions. 14, 15 The influence of size, shape, and support interactions on nanoparticle reactivity 16 has prompted extensive investigation of methods to selectively prepare and stabilize nanoparticles in controlled size regimes of 1−15 nm. 17−20 In conventional syntheses of supported metal nanoparticles, a metal precursor is deposited on an appropriate support via an impregnation methodology and then reduced, typically at elevated temperature with H 2 . 21 The reduction of dispersed metal species induces the formation of nanoparticles; however, these conditions must be carefully controlled since small nanoparticles are thermodynamically unstable and evolve toward the thermodynamic minimum of the bulk metal at elevated temperatures. 22−24 The tendency of nanoparticles to sinter therefore challenges the direct preparation of small, sizecontrolled nanoparticles on high-surface area supports. 25 Furthermore, while the stabilization of nanoparticle size and the suppression of sintering are active area research areas, 26, 27 synthetic approaches are limited by a lack of understanding of the underlying sintering and agglomeration mechanisms.
An alternative approach to realizing nanoparticle catalysts is via the synthesis of colloidal nanoparticle suspensions, employing the reduction of a metal salt in the presence of an added coordinating capping agent or surfactant, to yield monodisperse particle size distributions. 28, 29 Common capping agents include oleylamine, 30 oleic acid, 31 and functionalized polymers, such as polyvinylpyrrolidone (PVP). 31 Typical solution phase reducing agents include borane complexes, 32 hydrazine, 33 n-butyllithium, 34 or alcohols such as ethylene glycol. 35 Although these approaches are applicable to a variety of metal precursors and yield monodisperse nanoparticles, the particles are only size-stable while they are surfactant-capped, limiting catalytic utility under typical reaction conditions. 25, 36, 37 While atomic layer deposition (ALD) using gaseous Pd(hfac) 2 (hfac = hexafluoroacetylacetonate) as a Pd precursor and formalin (37 wt % CH 2 O/H 2 O) as a reductant efficiently yields monodisperse 1−2 nm Pd nanoparticles at 200°C, 38 this methodology effectively contaminates the surface of the nanoparticles with hfac and its fluorinated decomposition products, 39, 40 which can compromise catalytic performance. Additionally, a hybrid of the above two approaches has been explored in which surface grafting of well-defined organic or metal−organic fragments is used to control the structures and chemical properties of the resulting site-isolated species. 41−43 Based on previous work with single-site, oxide-supported early transition metal-and actinide-organic complexes, 44−47 we envisioned that supported late transition metal complexes might yield size-controlled metal nanoparticles under capping agent-free reductive conditions milder than conventional approaches. 48, 49 Thus, methods for controlled grafting of vanadium and molybdenum acetylacetonates have been reported, 50 and the chemisorption of Pd(acac) 2 on γ-Al 2 O 3 was investigated by van Veen 51 and De Jong 52 finding γ-Al 2 O 3 surface chemistry similar to that reported from this laboratory. 53 Here we report that contacting γ-Al 2 O 3 with a toluene solution of Pd(acac) 2 at 25°C yields the surface metal complex (-AlO x )Pd(acac). This product is fully characterized by XPS, dynamic nuclear polarization (DNP) surface-enhanced solidstate NMR spectroscopy (SENS) 54−56 utilizing 1 H− 13 C crosspolarization magic angle spinning (CPMAS), and by vibrational spectroscopy diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). In exploring conventional reductants, the reaction of (-AlO x )Pd(acac) with H 2 , hydrazine, borane complexes, and refluxing methanol in this lab yielded average Pd nanoparticle sizes greater than 9 nm. Formalin and sodium borohydride have also been employed as liquid-phase reductants for supported nanoparticle synthesis, but also result in larger metal particle sizes (6−10 nm). 57, 58 In marked contrast, we report here that exposure of the (-AlO x )Pd(acac) complex to either gaseous ethylene or liquid 1-octene, without adding capping or stabilizing agents at 25°C, affords Pd 0 nanoparticles with a mean diameter of 4.3 ± 0.6 nm, as determined by bright field (BF-) and high angle annular dark field (HAADF-) STEM. Unlike conventional Pd/Al 2 O 3 catalysts, the present nanoparticles are active for aerobic 1-phenylethanol oxidation without pretreament and exhibit no induction period.
These results demonstrate that surface metal−organic species and mild reductants can be used to prepare Pd nanoparticles of controlled size on high surface area supports without capping agents, surfactants, or ALD ligand fragments. Mechanistic evidence for this unusual reductive chemistry benefits from the well-defined, single-site nature of the supported Pd 2+ precursor. Such mechanistic detail should provide greater insight into selective catalyst synthetic strategies, and addresses challenges in unravelling heterogeneous catalyst structure−function relationships.
■ RESULTS
Synthesis and Characterization of (-AlO x )Pd(acac). The support material is a phase-pure, high-surface area γ-Al 2 O 3 .
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The alumina was stirred under an inert atmosphere, in an anhydrous toluene solution of stoichiometrically excess Pd-(acac) 2 overnight at 25°C, yielding a beige, air-stable material having 0.20 wt % Pd, as determined by ICP-AES (see the Supporting Information for details), with the empirical formula (-AlO x )Pd(acac). The low Pd loading achieved under these conditions suggests that there is significant reaction selectivity at 25°C between Pd(acac) 2 and specific surface sites on the γ-Al 2 O 3 . 51 As shown in Figure 1A (see also Figure S1 and Table S1 ), XPS confirms that the Pd center remains in the +2 oxidation state after grafting. The binding energy of the Pd(3d 5/2 ) peak in Pd(acac) 2 is 338.3 eV in the local spectrometer, consistent with literature reports of similar compounds (e.g., Pd(acetate) 2 ). 59 A PdO/Al 2 O 3 reference material was prepared by calcining (-AlO x )Pd(acac) at 550°C for 18 h under flowing O 2 . After calcination, DNP-enhanced 1 H− 13 C CPMAS spectra, which, for brevity, will be referred to as 13 C DNP SENS, indicate a complete decomposition of the initial surface complex (SI, Figure S2 ). The binding energy of the Pd(3d 5/2 ) XPS peak for PdO/Al 2 O 3 is centered at 336.6 eV, consistent with previous reports for PdO, 60 while the binding energy of the Pd(3d 5/2 ) XPS peak for (-AlO x )Pd(acac) is centered at 337.0 eV. These Pd(3d 5/2 ) values are consistent with data for other Pd 2+ complexes, 61 but correspond to neither the parent Pd(acac) 2 complex (338.3 eV) nor PdO/Al 2 O 3 (336.6 eV) ( Figure 1A ) . The binding energy for Pd 0 is expected at 335.0 eV (vide infra). C CPMAS NMR of (i) (-AlO x )Pd(acac), (ii) (-AlO x )Pd(acac) after 96 h in 1-octene at 25°C, and (iii) after 120 h in 1-octene at 25°C. Red dots denote signals attributable to the (-AlO x )Pd(acac) complex. Orange dots denote signals attributable to free acetylacetone on the alumina surface. Green dots represent an unidentified surface species, possibly surface acetate. Blue dots represent carbonate.
The presence of the surface (-AlO x )Pd(acac) complex was confirmed via 13 C DNP SENS measurements ( Figure 1B -i), performed using natural 13 C abundance. Sharp resonances corresponding to the methyl (−CH 3 ), methylene (−CH 2 −), and carbonyl (−CO) carbon species of the acac ligand are clearly visible. The resonances for the methyl and carbonyl carbons are doubled in a 1:1 ratio at δ = 27 and 25 ppm and 188 and 186 ppm, respectively, whereas the methylene carbon resonance is a singlet at δ = 102 ppm. In addition to the sharp, distinct peaks observed for the anchored surface complex, broad 13 C resonances at δ = 193, 101, and 24 ppm, characteristic of free acetylacetone, 62 are observed, confirming protonolysis of the (acac) ligand during the chemisorption of Pd(acac) 2 on γ-Al 2 O 3 . Adsorption of acetylacetone on γ-Al 2 O 3 is further confirmed in DRIFTS experiments (vide infra) and is consistent with literature reports. 51 Other broad 13 C resonances appear at δ = 30, 163, and 183 ppm that cannot be attributed to acetylacetone, toluene, acetone, or the hexanes used in the synthesis. These signals are reasonably attributable to surface acetate and carbonate species, in agreement with TPD-MS results (vide infra), which show the liberation of acetone from the surface. Acetate and carbonate are assumed to arise from an interaction between a free or decomposed acac ligand and surface Lewis acid or hydroxyl groups. 63 As can be seen in Figures 1B-ii and -iii, signals from free acetylacetone become more apparent following the reduction of (-AlO x )Pd(acac) (vide infra).
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Reduction of (-AlO x )Pd(acac). The γ-Al 2 O 3 -supported surface Pd complex can be reduced with an alkene in either the gas or liquid phase at 25°C. Three different reductive methods yield similar results: (a) suspending the (-AlO x )Pd(acac) in 1-octene at 25°C; (b) suspending the (-AlO x )Pd(acac) in a hydrocarbon solvent (pentanes or toluene) and stirring under an ethylene atmosphere at 25°C; or (c) exposing solid (-AlO x )Pd(acac) to gaseous ethylene at temperatures from 25− 50°C. In this study, 1-octene is used as a liquid-phase reagent to monitor the reduction of the surface complex as a function of time, and ethylene is used as a vapor-phase reagent in spectroscopic and TPR experiments.
The reduction of (-AlO x )Pd(acac) by 1-octene at 25°C was monitored by XPS, XANES, and EXAFS. The XPS results for reaction durations of 6−120 h are depicted in Figure 2 . The Pd(3d 5/2 ) peak for (-AlO x )Pd(acac) is centered at 337.0 eV. A second feature at 335.0 eV increases in intensity during the reaction of (-AlO x )Pd(acac) with 1-octene. This ionization clearly indicates the formation of a new Pd species with a binding energy consistent with previous reports for Pd 0 species, 65 and correlates with both the appearance of Pd nanoparticles (by BF-and HAADF-STEM, vide infra) and the disappearance of (-AlO x )Pd(acac), confirmed by 13 C DNP SENS ( Figure 1B) . The molar fractions of Pd 2+ and Pd 0 were estimated by deconvoluting the two peaks in the XPS spectrum ( Figure S1 and Table S1 ).
The presence of Pd 0 is further confirmed by Pd K-edge XANES ( Figure 3A) , which reveals that approximately 60% of the total palladium supported on the Al 2 O 3 surface exists as Pd 0 after 120 h of reaction with 1-octene at 25°C. EXAFS data and fits for (-AlO x )Pd(acac) samples reduced for 0, 48, and 120 h in 1-octene at 25°C are shown in Figure 3B . The EXAFS data are fit to the first coordination shell of fcc metallic Pd−Pd and Pd− O scattering paths. 66 These results indicate that (-AlO x )Pd(acac) has an average Pd−O coordination number (CN) ∼4, consistent with the proposed surface geometry (Chart 1; see more below) in which the Pd is directly bonded to three oxygen atoms and datively bonded to a vicinal hydroxyl group. These EXAFS data are in agreement with the results obtained from DNP SENS (vide supra, see Figure 1B ). As the sample is reduced, the Pd−Pd coordination number increases, approaching 6 in the sample reduced for 120 h (Figures S12 and S13, Table S4 ).
The mechanism of (-AlO x )Pd(acac) reduction was also investigated by DRIFTS under an ethylene atmosphere, as well as by TPR-MS analysis of the (-AlO x )Pd(acac) + ethylene reaction products. Additionally, the presence of Pd nanoparticles is confirmed by BF-STEM imaging after the (-AlO x )Pd(acac) + ethylene reaction at 50°C ( Figure S9 ). The absorbance-mode DRIFTS spectrum of (-AlO x )Pd(acac) after reaction with ethylene at 50°C is shown in Figure 4 , backgrounded with a spectrum of (-AlO x )Pd(acac) at 50°C before exposure to ethylene. The broad negative feature at 3641 cm −1 indicates the consumption of water −OH groups during the reaction, presumably from H-bonding interactions with free acetylacetone ligand (vide infra). In the lower frequency region of the spectrum, sharp negative features appear at 1674, 1579, 1559, 1518, 1382, and 1275 cm −1 , while a single, broad positive feature appears at 1620 cm −1 . The negative features are assigned to the disappearance of the coordinated (acac) ligand from the surface complex, 51, 67 while the feature at 1620 cm −1 is assigned to the carbonyl stretch of free acetylacetone. 51, 68 The DRIFTS data therefore confirm that the (acac) ligand is detached during the (-AlO x )Pd(acac) reduction and generates surface-bound acetylacetone as a product. These results strongly corroborate those obtained by DNP SENS ( Figure  1B) .
The organic products of the (-AlO x )Pd(acac) + ethylene reduction reaction were also analyzed via TPR-MS ( Figure 5 ). Acetylene, H 2 , and 1,3-butadiene are the only products detectable in the reaction effluent. These products are consistent with coordination/insertion of the Pd center into the C−H bond of ethylene. The dimerization of ethylene is expected to yield 1.0 equiv. of 1,3-butadiene and 1.0 equiv of H 2 , whereas β-hydride elimination and subsequent reductive elimination directly from a Pd-alkenyl complex is expected to yield 1.0 equiv of acetylene and a Pd 0 species. 69, 70 By calibrating the integrated area (see the Supporting Information) of each gas-phase product using internal MS response factors, it can be seen that the molar ratio of 1,3-butadiene to H 2 is ∼1, whereas the ratio of acetylene to H 2 is ≫1, which supports the suggested reduction pathway (vide infra). No acetone is observed during the reaction, arguing that the decomposition of the acac ligand does not play a significant role in the reduction process. Interestingly, the production of acetylene, H 2 , and butadiene ceases after ∼1 h, indicating that only (-AlO x )Pd-(acac) is capable of activating ethylene and effecting the reduction process. After the reaction, temperature-programmed desorption-mass spectrometry (TPD-MS) of the sample detects acetone (m/z = 58) above 200°C, but no other surface-bound products, again in good agreement with DNP SENS ( Figure 1B Catalytic Oxidation of 1-Phenylethanol. The preparation of a Pd/Al 2 O 3 catalyst in the absence of capping agents or surfactants is expected to yield Pd nanoparticles with chemically accessible surfaces. Accordingly, the performance of Pd/Al 2 O 3 catalysts prepared via reduction of Pd/Al 2 O 3 with 1-octene at 25°C, for the catalytic oxidation of 1-phenylethanol was assessed ( Figure 7 ). Aerobic oxidation of benzylic alcohol species has recently emerged as an attractive diagnostic reaction for novel Pd nanoparticle preparations due to the high activity and selectivity of typical supported Pd catalysts for such reactions. 71 In the present work, catalytic activity is obtained from the conversion of 1.0 mmol of 1-phenylethanol with the 0.1 mol % Pd catalyst at 80°C under air in a batch reactor, using trifluorotoluene as the solvent. The conversion ratio is obtained from NMR analysis using an adamantane internal standard. Mass balance in these reactions is observed to be >95%, with >95% selectivity for the major product, acetophenone. These results are compared here to those obtained using a commercial catalyst (1% Pd supported γ-Al 2 O 3 , Sigma-Aldrich) (2; Figure 7 ). To accurately assess turnover frequencies (TOFs) per atom of accessible Pd 0 , we measured the particle size of the commercial catalyst via HAADF-STEM. A count of 53 nanoparticles gave a mean particle diameter of 2.9 ± 0.5 nm. Further information on conditions, calculations, and quantification are presented in the Scheme S1, Figures S15−S17, and Tables S5 and S6 . Results for catalyst 1 are provided as the average of three runs. Results for catalyst 2 are complicated by the observation that, in all cases, no reaction is observed until after a catalyst "incubation" period under reaction conditions. This incubation period varies from 20−210 min, and could not be eliminated by pretreating catalyst 2 under conventional conditions of 4 h calcination at 550°C under flowing O 2 , followed by reduction with 5% H 2 / N 2 for 1 h. In contrast, no incubation period is observed for catalyst 1.
The variable incubation time observed for catalyst 2 makes the comparison of TOFs for catalysts 1 and 2 problematic; therefore, three independent runs of catalyst 2 are presented in Figure 7 . Catalyst 1 mediates the oxidation of 1-phenylethanol with a TOF of 216 ± 20 h −1 at 80°C under ambient air (conversion <12.3%). The activity of catalyst 2 is estimated to be ∼540 h −1 from runs in which the catalyst performed adequately. The TOFs reported here are adjusted for the dispersion of the Pd 0 active species. Although commercial catalyst 2 exhibits approximately twice the rate of catalyst 1, the high degree of variability in catalytic performance is undesirable, and at least one run yielded 0% conversion.
■ DISCUSSION Surface Structure of (-AlO x )Pd(acac). The grafting reaction of Pd(acac) 2 is reasonably assumed to proceed via the elimination of an equivalent of acetylacetone rather than via a physisorption mechanism, evident from the limited reaction between the solution phase precursor and the support. Even in the presence of "excess" Pd(acac) 2 , the maximum Pd loading achieved under the present chemisorption conditions is 0.2 wt %, yielding a Pd surface density of 0.2 Pd/nm 2 . Extrapolating from the findings of van Veen et al. 51 and this laboratory, 53 this suggests that only certain, highly reactive hydroxyls on the γ-Al 2 O 3 surface are capable of reacting protonolytically with Pd(acac) 2 at 25°C. The stoichiometry of the reaction could not be determined via a titration method due to the strong adsorption of the free acetylacetone on γ-Al 2 O 3 as determined via TPD-MS and DRIFTS, however, XPS, EXAFS, DRIFTS, and DNP SENS studies are consistent with the proposed (-AlO x )Pd(acac) surface complex structure (Chart 1 above).
The 13 C DNP SENS reveals an asymmetric surface complex, exhibiting two distinct 13 C signals for the methyl and carbonyl carbons of the acetylacetonato moiety. It is reasonable to assume that this asymmetry arises from interactions between one oxygen atom on the ligand, and either a surface hydroxyl or a surface Lewis acid site, as such interactions have been observed previously. 72 EXAFS reveals a Pd−O CN of ∼4, suggesting the species shown in Chart 1 to be the most likely geometry of the complex. The unique geometry of the surface complex appears to be critical in its reactivity with alkenes. In Figure 7 . Catalytic oxidative conversion of 1-phenylethanol to acetophenone over Pd/Al 2 O 3 prepared from the reduction of (-AlO) x Pd(acac) with 1-octene at 25°C (1), and a commercial 1% Pd/Al 2 O 3 catalyst (2). Reaction conditions: 1 mmol 1-phenylethanol, 5 mL trifluorotoluene, 80°C, under ambient air. control experiments, the parent precursor Pd(acac) 2 could not be reduced with 1-octene at 25°C, and isolated Pd 2+ cations appear to be nonreducible under the present conditions (vide infra). These findings are consistent with previous literature reports. 73, 74 Reduction Process and Pd Nanoparticle Formation. Upon exposure to alkenes, (-AlO x )Pd(acac) undergoes reduction (Figures 1−3) and Pd nanoparticles form on the alumina surface (Figures 6A−D) . Deconvolution of the XPS ionization and fitting of the XANES spectrum yields quantitative information regarding the relative amounts of Pd 2+ and Pd 0 (Figure 8 ). Both the XPS and XANES reveal that the reaction of (-AlO x )Pd(acac) with 1-octene is complete when ∼60% of the Pd supported on the Al 2 O 3 surface is reduced to Pd 0 . This contrasts with NMR data ( Figure 1B ) that imply complete conversion of the surface (-AlO x )Pd(acac) complex within 120 h, with no signals except surface-bound acetylacetone and decomposition products detected. Note that the Pd(3d 5/2 ) peaks in the XPS spectrum of the parent (-AlO x )Pd(acac) complex are very broad (fwhm Pd(3d 5/2 ) = 3.4 eV) relative to the peaks for Pd 0 (fwhm Pd(3d 5/2 ) = 2.3 eV) and molecular Pd(acac) 2 (fwhm Pd(3d 5/2 ) = 2.3 eV). This phenomenon has been previously observed and assigned to highly dispersed Pd 2+ species in close contact with an insulating support, (i.e., γ-Al 2 O 3 ). 75 Other reports indicate that isolated Pd 2+ cations do not participate in reduction reactions and nanoparticle formation, since they are stabilized by support interactions. 73, 74, 76 On this basis, it is reasonable to assume that two surface species are present after the reductive treatment − Pd 0 species present as nanoparticles, and isolated Pd 2+ cations on the alumina surface which do not undergo reduction. Isolated Pd 2+ cations do not contribute to the 13 C NMR signal, but do broaden the peaks in the Pd XPS spectrum.
Chemistry of Materials
After 120 h of (-AlO x )Pd(acac) reduction with 1-octene, the EXAFS data indicate an average Pd···Pd CN of ∼6 ( Figure 3B , Figures S12 and S13, Table S4 ), too low to be consistent with the 4.3 nm particles observed via STEM (Figure 6 ). These results are, however, in good agreement with reports from the literature 77 and have previously been associated with the presence of very small (d < 6−8 Å) supported Pd clusters not observable by TEM. 78 An isolated Pd 2+ cation has an effective Pd···Pd CN = 0, which skews the aggregate value toward a lower CN. Therefore, given that the present XPS, XANES, and EXAFS data for the sample treated with 1-octene at 25°C for 120 h reveal that ∼60% of the total Pd supported on the Al 2 O 3 surface is present as Pd 0 and ∼40% exists as isolated Pd
2+
cations, either bound directly to the support or in very small clusters undetectable by STEM and DNP SENS, an average CN of 6 is fully expected. The possibility of a passivating Pd oxide layer on the nanoparticle surface cannot be entirely discounted; however, EXAFS evidence indicates a decreasing Pd−O coordination number as reduction progresses (from CN = 4.2 to CN = 1.7, Figure S13 ). As the expected Pd−O coordination number of PdO is CN = 4, 79 the EXAFS evidence suggests the majority of remaining Pd 2+ species do not exist as Pd oxide.
Mechanism of (-AlO x )Pd(acac) Reduction. To probe the reduction pathway of the well-defined surface complex, (-AlO x )Pd(acac), the surface and gaseous reaction products were analyzed by DRIFTS and TPR-MS under ethylene at 50 °C. In the DRIFTS study, the difference spectrum taken after complete reduction of (-AlO x )Pd(acac) with ethylene exhibits several significant features. The hydroxyl region of the DRIFTS spectrum ( Figure 4A ; absorbance mode) exhibits a broad negative band centered around 3641 cm −1 , indicating the consumption of surface hydroxyls during the reduction process. The hydrocarbon region of the spectrum (ca. 3000−2800 cm −1 ) reveals no additional surface hydrocarbon species ( Figure S3B ), suggesting negligible transfer of ethylene to the surface. It is unclear whether hydroxyl consumption occurs via interaction with Pd nanoparticles or from protonolysis of the acac ligand by surface hydroxyl groups. 51 However, the lowerfrequency region of the spectrum ( Figure 4B ) reveals that free acetylacetone species form after the reduction and remain stable on the alumina surface. The absence of new surface hydrocarbon species, particularly polyethylenes, 80 prompted further scrutiny of the gas-phase reaction products. The vaporphase products detected by TPR-MS during reduction ( Figure  5 ) are H 2 , acetylene, and butadiene. The evolution of acetone was not observed at 50°C, suggesting that direct decomposition of the acac-ligand is not involved in the reduction process. Acetylene and H 2 have been observed during the dehydrogenation of ethylene over metallic Pd. 70, 81 This process is driven by the thermodynamics of coke coproduct formation, which is negligible here as verified by DRIFTS. In the present system, therefore, the formation of acetylene must be driven by the thermodynamically favorable sintering of reduced Pd 0 species into nanoparticles. 82, 83 This also accounts for the surprising mobility of Pd 0 atoms on the γ-Al 2 O 3 surface at such low temperatures. Interestingly, the production of H 2 , acetylene, and butadiene ceases once the reduction process is complete ( Figure 5 ), arguing that only (-AlO x )Pd(acac) is active in the reaction, and neither the remaining Pd 2+ cations nor the 4.3 nm nanoparticles are involved.
The sum of the data presented here suggests that reduction of (-AlO x )Pd(acac) by ethylene proceeds first by activation of an ethylene C−H bond to form a Pd-alkenyl intermediate (Scheme 1). Although ethylene does not undergo polymerization under the present conditions, the presence of butadiene implicates a C−C bond-forming reaction in the overall reductive process. Pd 2+ catalysts are known to be active for olefin dimerization and polymerization. 84−86 While the mechanism of polymerization is known to proceed via insertion of olefin into a Pd−C or Pd−H bond, the activation step is still under discussion. 87 Previous studies implicate electrophilic cleavage of olefinic C−H bonds rather than oxidative addition, a mechanistic scenario which maintains Pd in the 2+ oxidation state rather than invoking formal Pd 2+ /Pd 4+ redox cycles. 88 Recently, the heteroleptic activation of an ethylene C−H bond by the isolated Cr(II) sites of a catalyst supported on silica was reported, 47, 89, 90 leading to a metal-vinyl intermediate. The pathway proposed in Scheme 1 presents a possible reaction sequence accounting for formation of all observed products and reduction of Pd 2+ to Pd 0 , which would occur via reductive elimination from a Pd-alkenyl species as reported for other catalysts.
91−93
An analogous mechanism is reasonable for 1-octene reduction in the liquid phase. Alternatively, Copeŕet et al. presented evidence for surface O atom site involvement in H atom transfer during alkene dehydrogenation; 94, 95 this pathway may also be operative in the present system.
Mechanism of Pd Nanoparticle Formation. Figure S4 ). Interestingly, although XPS and XANES data (Figures 2 and 3A) indicate that the reduction is not instantaneous, the BF-and HAADF-STEM reveals that the particle size distribution of Pd nanoparticles remains invariant across the range from Pd 0 fractions of 20−60%. Representative statistics on the Pd nanoparticle sizes at different reaction times are presented in Figures S10 and S11 and Tables S2 and S3 . Two dominant models for nanoparticle nucleation and growth on support surfaces are Ostwald ripening (OR) and particle migration/coalescence (PMC). 96, 97 The kinetics of particle growth can be considered as a function of the metal−support interface energetics (interface-controlled regime) and the diffusion across the support surface (diffusion-controlled regime). 98 In each case, the specific energetics are likely related to the chemical identity of the mobile Pd "monomer," a factor expected to change with the chemical reductant.
The profile of the particle size distribution is typically an indicator of the dominant nucleation and growth mechanism. In the case of the diffusion-controlled OR models, the particle size distributions are expected to be symmetric or skewed toward particles of smaller size. 98−100 In contrast, a mechanism dominated by PMC is expected to show significant skew toward larger sizes. 101, 102 Note that smaller, higher energy particles (<3 nm) are anticipated to be highly mobile, leading to a metastable distribution of medium-sized particles (3−10 nm) that sinter at a slower rate. 96 As the particle size increases, OR dominates the sintering mechanism. 103 Note also that PMC is more relevant at elevated temperatures (>500°C). Based on these guidelines and considering the narrow distribution of observed particles in the present materials, it is most likely that the initial sintering of Pd particles to the 4.3 nm mean diameter is rapid and may occur by a combination of PMC and OR mechanisms; however, once this mean diameter is reached, PMC effects appear to be negligible, while further sintering via OR is minimized by the low temperatures and overall low surface density of Pd centers. The narrow range of Pd nanoparticle sizes formed here therefore suggests that the initial parent (-AlO x )Pd(acac) complex is well-dispersed over the alumina surface, as surface complexes "clustered" in particular areas would be expected to yield larger particles upon reduction, in accordance with an OR mechanism. From this it is also reasonable to infer that the stability of the 4.3 nm particles is likely due to rapid depletion of local concentrations of the mobile Pd 0 "monomer" as nanoparticles aggregate; the resulting spatial isolation likely reduces the tendency of the particles to sinter via the OR mechanism.
Catalytic Relevance of Pd Nanoparticle Formation via Alkene Reduction. Preparation of supported Pd nanoparticles from (-AlO x )Pd(acac) and 1-octene yields catalyst 1, which is competent for the aerobic oxidation of 1-phenylethanol to acetophenone, as shown in Figure 7 (see also Figures S15− S17). In contrast to commercial catalyst 2, catalyst 1 exhibits immediate activity under ambient conditions with no incubation period. This finding suggests that not only is the Pd surface in catalyst 1 of sufficient accessibility for catalysis, but that the active Pd 0 species in 1 is formed directly by the 1-octene reduction process. In contrast, the Pd 0 species present in commercial catalyst 2 appears to be a "pre-catalyst" to an unknown Pd 0 active species, despite the presence of 2.9 nm Pd 0 nanoparticles in the as-prepared catalyst. This is consistent with 107, 108 suggest that proximity of Pd 0 and Pd 2+ species on the surface of catalyst 1 may contribute to its immediate activity in aerobic oxidation in contrast to the more reduced commercial catalyst.
In optimum runs, commercial catalyst 2 exhibits approximately twice the activity of catalyst 1 for 1-phenylethanol to acetophenone oxidation. The enhanced activity of 2 is not unexpected, as the particle size is smaller than in 1, 2.9 nm versus 4.3 nm, respectively. It is well-known that smaller Pd nanoparticles exhibit higher activity, particularly in alcohol oxidation. 109, 110 The variability in the performance of catalyst 2, along with its failure to convert any substrate in at least one run, however, demonstrates the attraction of the well-defined system presented here. The reduction of (-AlO) x Pd(acac) with alkenes at mild temperatures yields a "true" Pd 0 catalyst that exhibits immediate activity in aerobic oxidation.
■ CONCLUSIONS
An approach for preparing single-site, well-defined Pd surface complexes of the form (-AlO x )Pd(acac) from a simple grafting reaction of Pd(acac) 2 on γ-Al 2 O 3 is presented. Exposure of this Pd 2+ complex to alkenes results in facile reduction to a Pd 0 species, which agglomerates to form 4.3 ± 0.6 nm nanoparticles. The present results suggest that a combination of surface organometallic chemistry and mild reduction conditions can be used to prepare controlled dispersions of nanoparticles on high surface area supports. In comparison to a commercial Pd/Al 2 O 3 catalyst, the catalyst obtained by (-AlO x )Pd(acac) reduction with 1-octene exhibits immediate activity in the aerobic oxidation of 1-phenylethanol to acetophenone with no incubation period, confirming the clean nature of the catalytic surface. The level of mechanistic detail regarding the reduction and nanoparticle formation processes is facilitated by the singlesite approach. Such a study affords better understanding of the complex mechanisms underlying the preparation of supported metal catalysts on high surface area refractory oxides.
■ MATERIAL AND METHODS
Where indicated, air-sensitive manipulations were carried out using standard Schlenk line glassware and techniques under an N 2 atmosphere. Ar (UHP) and He (UHP) were purchased from Airgas and further purified through an entrained drying column. Oxygen (UHP) and regen gas (5% H 2 /N 2 ) were purchased from Airgas and used directly without further purification. Palladium(II) acetylacetonate (99%) was purchased from Strem Chemicals and used without further purification. The reagent 1-octene (98%) was purchased from Sigma-Aldrich and further purified by distillation from sodium under an atmosphere of N 2 ; after distillation, the 1-octene was stored under N 2 in the dark at 2−8°C. Ethylene (UHP, 99.995%) was purchased from Airgas and used without further purification. Anhydrous toluene and pentanes were purchased from Sigma-Aldrich and further purified on activated alumina columns. Hexanes and CDCl 3 were purchased from Sigma-Aldrich and used without further purification. The substrate 1-phenylethanol (98%) was purchased from Sigma-Aldrich and used without further purification. Commercial, 1% Pd/γ-Al 2 O 3 was purchased from Sigma-Aldrich. Phase-pure γ-Al 2 O 3 (99.997% purity metals basis, 60 m 2 /g surface area, < 3 μm particle size) was purchased from Alfa-Aesar and calcined at 550°C in flowing O 2 for 18 h prior to use. No surface contaminants were detected by XPS. DRIFTS spectra of adsorbed ethylene and reduced Pd/Al 2 O 3 were measured in the CleanCat core facility at Northwestern on a Nicolet 6700 spectrophotometer equipped with a gas flow cell and a sample heater. DNP-enhanced solid-state NMR spectra were obtained at the Ames Laboratory using a Bruker DNP-MAS NMR spectrometer equipped with a 264 GHz gyrotron and a 3.2 mm low-temperature MAS probe. X-ray photoelectron spectra were measured in the Keck core facility at Northwestern with a Thermo Scientific ESCALAB 250 Xi spectrophotometer equipped with an electron flood gun and an Al K-α source. Synthesis of (-AlO x )Pd(acac). Prior to reaction, all glassware was dried at 150°C overnight and cooled under dynamic vacuum. Calcined γ-Al 2 O 3 (5.0 g) was treated similarly and held under an atmosphere of N 2 after cooling. In a separate flask, 0.36 g Pd(acac) 2 (1.1 mmol, 2.5 wt % Pd) was dissolved in ca. 25 mL of anhydrous toluene. The golden solution was cannulated onto the γ-Al 2 O 3 under N 2 and the resulting suspension stirred for 18 h at 25°C. The suspension was allowed to settle and the golden mother liquor cannula filtered from the solid. The solid was then washed twice with 25 mL of anhydrous toluene under N 2 , filtering off the wash liquid in the manner previously described. When the wash was no longer colored, the solid was suspended in hexanes and vacuum filtered in open air. The resulting beige solid was further washed with hexanes to remove excess toluene and dried under dynamic vacuum at 25°C overnight. After preparation, the solid could be stored under ambient conditions indefinitely with no observable degradation of the (-AlO x )Pd(acac) surface complex. ICP analysis of several preparations indicated the Pd loading to be 0.20 ± 0.01% Pd.
Reduction of (-AlO x )Pd(acac). Liquid-phase Reduction with 1-Octene. In a typical reduction experiment, an oven-dried, vacuumcooled flask was charged with 0.60 g of (-AlO x )Pd(acac) (0.20 wt % Pd) under a stream of N 2 . The flask was evacuated and recharged with N 2 thrice. Subsequently, 10 mL of 1-octene was added to the solid via syringe, and the resulting suspension was stirred for a set length of time. To terminate the reaction, the solid was immediately vacuumfiltered in open air, followed by extensive washing with hexanes. Reduced samples changed color from beige to gray. After reduction, the sample was dried under dynamic vacuum at 25°C overnight prior to further experiments.
Liquid or Solventless Reduction with Ethylene. An ovendried, vacuum-cooled pressure vessel was charged with 0.6 g of (-AlO x )Pd(acac) (0.2 wt % Pd). The solid was either suspended in ca. 10 mL of pentanes or left dry in the vessel. The vessel was evacuated to 10 −5 Torr (the pentanes suspension was first cooled to −196°C in a liquid nitrogen flask to prevent evacuation of the pentanes) and pressurized with 1 atm of ethylene (99.995%). The reaction was then stirred overnight before the vessel was evacuated and the solid material recovered (by filtration in the case of the pentanes suspension). Reduced material was dried under dynamic vacuum at 25°C overnight before use in further experiments.
Catalytic Reactions. Catalytic experiments were performed using either a Pd/Al 2 O 3 catalyst (0.2 wt % Pd) prepared by reduction of (-AlO x )Pd(acac) for 120 h with 1-octene at 25°C, or with a commercially obtained 1% Pd/γ-Al 2 O 3 catalyst (Sigma-Aldrich). The mean Pd particle diameter of the commercial catalyst was determined from HAADF-STEM to be 2.9 nm (SD = 0.5 nm), while the mean Pd particle diameter for our catalyst was determined to be 4.3 nm (SD = 0.6 nm) by BF-STEM. In a typical experiment, 1-phenylethanol (Sigma, 98%, 1 mmol, 0.12 mL) and the catalyst (0.05 g) were loaded under air into a 25 mL flask with Morton indentations, following by the addition of PhCF 3 (5.0 mL) as the solvent. This flask was then interfaced to a reflux condenser, and the mixture was rapidly stirred and placed in a temperature-controlled oil bath at 80°C. NMR aliquots of the reaction solution were withdrawn at periodic intervals during the reaction and analyzed using adamantane (0.25 mmol, 0.034 g) as the internal standard. Conversion and selectivity (based on the loss of reactant) at differential conversions were difficult to obtain without significant error due to significant incubation times (40−120 min) displayed by the commercial catalyst. Mass balance was typically observed to be >95% and acetophenone was the only detectable product. Turnover frequencies were calculated on a (mol product)/(mol surface Pd 0 ) basis, adjusted for the particle sizes determined by HAADF-STEM (see the Supporting Information for more details).
Chemistry of Materials
In an effort to eliminate the incubation period observed for the commercial Pd/Al 2 O 3 catalyst, the material was calcined (4 h, flowing O 2 , 550°C) and reduced (1 h, 300°C, 5% H 2 /N 2 ). These pretreatments had no impact on the incubation time. Results for the homemade variant are reported as the average of 3 runs. Results for the commercial catalyst are reported as the best-run results.
XPS Measurements. A sample of powder was packed tightly onto double-sided copper tape attached to a stainless steel sample tray. The sample tray was outgassed in the sample entry chamber until a vacuum of at least 2 × 10 −5 Torr was obtained, typically requiring 30 min. The sample tray was then admitted to the UHV chamber and the electron flood gun turned on to compensate for charge. The sample was further allowed to outgas in the UHV chamber until stable vacuum was obtained, typically on the order of 8 × 10 −8 Torr. Spectra were measured in the CAE mode with 50 50 scans apiece at a pass energy of 20 eV. The resulting spectra were background-subtracted and peakfitted according to standard software techniques. Before deposition, no species other than C, Al, and O were detected on the catalyst surface. After deposition, no species other than C, Al, O, and Pd were detected on the catalyst surface. To compensate for charging effects the binding energies of all observed peaks were corrected by setting the adventitious carbon peak to 285.0 eV. DRIFTS Measurements. In a typical environmental DRIFTS measurement, the powder was tightly packed into a sample cup affixed atop a sample heater. The heater was regulated with a flow of roomtemperature water pumped through a peristaltic pump. The sample cup was heated to 50°C and allowed to equilibrate for several hours under argon until no further shift in the background spectrum was observed. The background spectrum was obtained and the gas flow was switched to ethylene. The progress of reduction was tracked over the course of 8 h by acquiring spectra at progressive time points until no further change was observed in the difference spectrum. After completion of the reduction reaction, the chamber was purged with Ar and the final difference spectrum acquired under an inert atmosphere.
13 C DNP SENS. All DNP NMR experiments were performed using a commercial 400 MHz Bruker DNP-MAS NMR spectrometer. Samples of (-AlO x )Pd(acac) at different reduction stages were impregnated with a 10 mM water solution of the biradical AMUPol and immediately packed into 3.2 mm sapphire rotors. The samples were sealed using a Teflon plug and spun at 25°C using a Vespel cap to symmetrically distribute the studied materials in the MAS rotor prior to performing the low-temperature experiments. The Vespel cap was exchanged for a zirconia cap for the low-temperature experiments. All 13 C CPMAS experiments were performed using a 2.35 μs 1 H excitation pulse, a 3 ms CP contact time, and SPINAL-64 1 H decoupling. The recycle delay was set to 7 s and a total of 2048 scans were accumulated under continuous wave microwave irradiation at around 105 K.
TPR-MS and TPD-MS. A sample of (-AlO x )Pd(acac) (typically 0.50 g) was placed atop a packed quartz wool bed in a quartz U-tube and affixed in the AMI-200 TPR apparatus. The effluent from the gas stream was connected to a Universal Gas Analyzer for real-time mass spectrometric analysis of the reaction products. The gas stream was switched from He to ethylene (99.995%) and pure ethylene flowed through the powder. Reaction products were first measured via an analog scan from 1 to 100 amu to determine which masses evolved with time; reaction products were then confirmed via a pressure versus time (PVT) measurement over the course of ca. 1 h. After completion of the experiment, the powder bed was heated at a ramp rate of 5°C/ min in a flow of 10 sccm He to determine if any reaction products were adsorbed on the powder; only acetone, the decomposition product of alumina-bound acetylacetone, was observed, confirming other observations that the products of the reaction are the expected gaseous products. TPD-MS after the reaction was performed by ramping the temperature at from 50−550°C in a flow of 10 sccm He. Products from 1−100 m/z were detected via analog scans at a rate of 1 scan/6 s.
STEM and EDX Measurements. TEM images of the Pd nanoparticles on γ-Al 2 O 3 were acquired using a Hitatchi HD-2300A STEM under phase contrast imaging at an accelerating voltage of 200 kV. The Hitachi HD-2300A STEM is equipped with an ultrasensitive dual energy dispersive X-ray (EDX) spectrometer system that was used to obtain elemental analysis of the samples. Samples for TEM and EDX were prepared by dropping a methanol dispersion of each material onto a lacey carbon-coated copper grid and allowing the solvent to evaporate.
EXAFS and XANES Measurements. The fractions of Pd 2+ and Pd 0 were obtained from linear combination fitting analysis. XANES spectra of Pd(acac) 2 The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.chemmater.7b04909.
Deconvoluted XPS spectra and XPS parameters, additional DNP SENS data, additional TEM images and particle counts, additional DRIFTS data, additional XAS Spectra, catalytic parameters (PDF)
Author Contributions
The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.
Funding
This material is based upon work supported by the U.S. 
